Nonlinear dielectric measurements were carried out on two strongly polar liquids, 4-vinyl-1,3-dioxolan-2-one (VPC) and 4-ethyl-1,3-dioxolan-2-one (EPC), having chemical structures differing from propylene carbonate (PC) only by the presence of a pendant group. Despite their polarity, the compounds are all non-associated, "simple" liquids. From the linear component of the dielectric response, the α relaxation peak breadth was found to be invariant at a fixed value of the relaxation time, τ α . From spectra from the nonlinear component, the number of dynamically correlated molecules was determined; it was also constant at fixed τ α . Thus, two manifestations of dynamic heterogeneity depend only on the time constant for structural reorientation. More broadly, the cooperativity of molecular motions for non-associated glass-forming materials is connected to (i.e., reciprocally governs) the time scale. The equation of state for the two liquids was also obtained from density measurements made over a broad range of pressures and temperatures. Using these data, it was determined that the relaxation times of both liquids conform to density scaling. The effect of density, relative to thermal effects, on the α relaxation increases going from PC < VPC < EPC. https://doi
I. INTRODUCTION
It has become a truism that dynamic heterogeneity is intimately connected to the slowing down of molecular motions in supercooled liquids, [1] [2] [3] [4] [5] with spatial variations and correlations of molecular mobilities being salient properties of glass-forming materials. The spatial variation is reflected in the degree of non-exponentiality of the relaxation function, e.g., the magnitude of the Kohlraush stretching parameter, β K . For non-associated liquids, it is well-established that β K is a function of the relaxation time τ α . 6, 7 A connection between spatial correlation of mobilities and τ α has been seen in MD simulations; 8, 9 however, for real materials, the experimental evidence is ambiguous. Using an approximate method to evaluate the number of dynamically correlated molecules, N c , from linear dielectric relaxation measurements, 10 it has been reported that at fixed τ α , N c is constant, 11 increases, 12 or decreases with pressure, 13 the disparity among results presumably due to uncertainties in the approximate nature of the N c .
A more direct route to probing dynamic heterogeneity is nonlinear dielectric spectroscopy. 14 The premise of the method is that N c can be extracted from the amplitude of the third-order dielectric susceptibility 15 
where k B is the Boltzmann constant, ε 0 is the permittivity of free space, V is the molecular volume, ∆ χ 1 is the linear dielectric strength, and χ 3 is the modulus of the third-order susceptibility. (It should be noted that there are alternative interpretations of the peak in the nonlinear susceptibility. 16, 17 ) Measurements on propylene carbonate (PC) showed that under isochronal conditions (fixed τ α ), N c (T,V ) is constant to within the experimental uncertainty, about 15%. 9 PC is a "simple" liquid, 18 without chemical associations. For H-bonded liquids such as propylene glycol, this constancy of N c at fixed τ α breaks down. 9 The finding of an invariant N c under isochronal conditions is significant and bears corroboration because it means that theories of the glass transition, which ordinarily offer predictions for τ α , are simultaneously predicting the degree of dynamic correlation, i.e., the value of N c . Since Eq. (1) involves polarization cubic in the applied field, generally its application is limited to strongly polar molecules in order to generate a measurable response. (Nonlinear measurements can be obtained on less polar compounds, however, by using a large DC bias field. 19 ) In addition to PC, 9,20 the method has been applied to propylene glycol, 9 glycerol, 21, 22 3-fluoroaniline, 20 2-ethyl-1-hexanol, 20 and mixtures of succinonitrile and glutaronitrile. 23 However, with the exception of Ref. 9 , these experiments were carried out only at ambient pressure so that τ α differed for each state point for which N c was determined. And given the requirement for samples having large dipole moments, PC is the only non-associated material among these studies.
In this work, we carried out nonlinear measurements on two derivatives of PC: 4-vinyl-1,3-dioxolan-2-one (VPC) and 4-ethyl-1,3-dioxolan-2-one (EPC) (chemical structures shown in Fig. 1 ). Linear dielectric spectra have been reported previously for these materials. 24, 25 Their large dipole moments, ∼5 D, 24 make the liquids well suited for nonlinear dielectric spectroscopy. From our measurements, | χ 3 | and thus N c were obtained over a range of T and P, with any variation of N c at constant τ α found to be no greater than the uncertainty of the experiments. This constancy of N c for isochronal conditions is in accord with the invariance of the dielectric loss dispersion at fixed τ α , the breadth of the loss peak being a measure of the distribution of relaxation times. Despite the similarity of their chemical structures, the degrees of dynamic 0021-9606/2018/148(13)/134506/6/$30.00
148, 134506-1 correlation are significantly different for these compounds, revealing how small changes in structure can effect substantial changes in the cooperative dynamics of glass-forming liquids.
II. EXPERIMENTAL
VPC (99% purity) was obtained from Aldrich, and EPC (>98%) from TCI America. Both were used as received and maintained in a dry nitrogen atmosphere prior to measurements. Dielectric spectroscopy experiments employed a Novocontrol Alpha Analyzer with the HVB2000 high voltage interface. The voltage amplitude was in the range 127-184 V (although strictly constant during a given measurement), yielding electric fields as high as E = 7.4 × 10 6 V m 1 . The measurement cell consisted of 16 mm diameter parallel plates, separated by a 25 µm Teflon spacer. For the high pressure experiments, the capacitor cell was contained in a pressure vessel (Harwood Engineering), placed inside an environmental chamber. Pressure was generated with a combination of pumps and a pressure intensifier and transmitted to the sample via a pentane/hexane/heptane mixture. The sample capacitor was sealed to avoid contamination by the pressure-transmitting fluid.
The PVT (pressure-volume-temperature) data were obtained using an instrument constructed by Bair (Georgia Institute of Technology), based on the design of Bridgman. 26 A known amount of the liquid was placed in a bellows, with changes in volume on variation of temperature and pressure measured with a piezometer mounted in parallel with the sample tube. Calibration was verified by measurements on water. The absolute densities at ambient conditions were as reported by the suppliers.
III. RESULTS AND DISCUSSION

A. Temperature and pressure dependence of density
The specific volume, V (T,P), was measured over the ranges of pressure and temperature corresponding to the dielectric measurements (Fig. 2) , with the PVT data fitted by the empirical Tait equation of state (EoS) 27 2), with the Tait parameters listed in Table I .
The best-fit parameters are listed in Table I and include literature results for PC. 28 Consistent with the similarity of their chemical structures, the ambient values of the thermal expansion coefficient, α P , and the compressibility,
B. Linear relaxation spectra
Representative dielectric spectra determined from the linear component of the dielectric permittivity are displayed in Fig. 3 , at T and P for which τ α is constant, that is, the peak frequencies coincide. As can be seen, the breadth of the peak is the same under isochronal conditions. (There is a small deviation at higher frequency for EPC, due to an unresolved secondary relaxation. 24 This secondary peak is less affected by pressure than the primary α-relaxation.) The breadth of the dispersion is a reflection of the distribution of relaxation times, a consequence of dynamic heterogeneity. As seen previously, 6, 7 this breadth is a unique function of the α relaxation time. Included in Fig. 3 are the fits of the Kohlraush-Williams-Watts equation, 29 which gives equivalent β K = 0.76 ± 0.01 and 0.77 ± 0.01 for VPC and EPC, respectively. At high frequency, the spectra deviate from the fit due to the presence of extra intensity, commonly known as the "excess wing." This excess wing is an unresolved secondary relaxation, 30 which has similar T -and P-dependences as the α-relaxation. 6 The structural relaxation times (taken as the inverse of the radial frequency of the dispersion maximum) are shown in Figs. 4 and 5 for VPC and EPC as a function of the specific volume, along with τ α at ambient pressure from low field measurements. 24 The latter compare well with the new data although the range of the present measurements is smaller because of the more limited frequency range of the high voltage experiment. Defining the glass transition as the temperature at which τ α = 10 s (to minimize extrapolation), we obtain It is well established that in the absence of specific interactions, relaxation and transport properties are a function of the product variable TV Υ , with Υ a material constant. 29, 31 This scaling relation can be expressed in terms of a modification of the Avramov equation 32 log (
in which τ ∞, A, φ, and Υ are fit parameters and e is Euler's constant. This expression has one more parameter than the well-known Vogel-Fulcher equation 29 Table II . This method of determining adherence to density scaling and the value of the scaling exponent Υ has the advantage of being less subjective than the more usual approach, whereby Υ is varied to obtain the bestappearing superposition of the data. 29, 31 The conformance of τ α (T,V) to Eq. (3) over a broad range of T and V confirms the non-associated nature of these two liquids. The scaling exponent for EPC is considerably larger than for VPC, and both values are larger than that for PC, γ = 4.0 ± 0.3. 27, 33, 34 (The large uncertainty of Υ for PC is due to the large extrapolation of its EoS.) A larger value of γ reflects a stronger volume dependence of the dynamics. This can be quantified from the ratio of the isochoric, E V , and isobaric, E P , activation enthalpies, which is related to the scaling exponent by 35 E
Evaluating Eq. (4) at the ambient pressure glass transition, we obtain E V /E P = 0.64 and 0.69 for EPC and VPC, respectively. 
Thus, upon a change in temperature, roughly one-third of the change in relaxation times is due to the accompanying volume change, with the remainder due to the change in thermal energy. Volume changes exert a somewhat stronger role for EPC than for VPC. Previously it has been shown that the magnitude of Υ is inversely correlated with the fragility of the material; that is, fragile liquids tend to have dynamics that are more thermally activated than driven by density fluctuations. 36 This correlation, established for 23 van der Waals liquids and polymers 28 as well as colloidal materials, 37 emphasizes the dominant effect of the short range repulsive potential on the dynamics. Indeed, the scaling exponent reflects the steepness of the intermolecular potential: 38, 39 For a (hypothetical) material described by an inverse power law repulsive potential, the steepness is exactly 3Υ,
The implication is that the intermolecular repulsive potential is steeper for EPC than VPC. Physically we ascribe this effect to the less flexible pendant alkenyl group of VPC, with consequently stronger steric hindrances to local motion that inhibit closer intermolecular contacts.
C. Nonlinear measurements
Representative nonlinear dielectric spectra, |χ 3 |E 2 , measured for EPC at atmospheric pressure and several high pressures are shown in Fig. 6 . The spectra reveal the presence of a "hump" at high frequency, indicative of the presence of a peak in |χ 3 |. The peculiar shape of this peak is due to the step-like contribution coming from the saturation of the dipole orientation. To determine the intensity of |χ 3 N c from Eq. (1), this dipole orientation contribution must be removed. This can be done by taking advantage of the fact that the contribution decays rapidly with frequency, becoming negligible at sufficiently high frequency. This condition has been shown to be satisfied at a frequency,f , 2.5 times higher than the frequency of the α peak in the linear spectrum. 21 Alternatively, a functional form can be used to describe the dipole saturation contribution, which is then subtracted from the measured spectra to obtain |χ 3 |. 9 We verified for representative spectra that the two methods gave equivalent results (see the inset of Fig. 7 ) and used the method based onf to calculate |χ 3 | and in turn N c . Representative |χ 3 | spectra corrected for dipole orientation saturation are shown in Fig. 7 . It can be seen that the peak, having a magnitude governed by the dynamic correlations, shifts to lower frequency with increasing pressure. The number of dynamically correlated molecules, N c , calculated using Eq. (1) is displayed as a function of τ α in Fig. 8 the uncertainty of the measurements and analysis (ca. 10%), N c is constant at constant τ α for both liquids. Included in the figure are prior results for PC, 9 which has a N c that is equivalent (within the error) to that of VPC. EPC, on the other hand, is seen to be less sensitive to changes in thermodynamic conditions. This implies that smaller changes in N c are necessary to attain a given change in τ α , in comparison to the behavior of VPC and PC. The correlation of N c with fragility, previously observed at ambient pressure, 20 is supported by the present results-PC and VPC have the same fragility, 24 while that of EPC is smaller.
IV. CONCLUSIONS
Approximate analyses of experimental data 11 and molecular dynamic simulations 8, 9 have indicated that dynamic correlation volumes and associated dynamic length scales are constant under isochronal conditions. However, these methods entail assumptions that leave this conclusion open to question. 12, 13 The value of dielectric measurements that interpret the nonlinear modulus of the susceptibility in terms of N C is that the assumptions underlying the approximate methods are avoided. The results herein for chemical analogs of PC are consistent with prior results for PC; 9 to wit, for non-associated liquids (i.e., no H-bonding or complex formation), the number of dynamically correlated molecules depends only on the relaxation time. This result is consistent with isochronal superpositioning of the α relaxation peak. Thus, two manifestations of the dynamic heterogeneity inherent to molecular motion in dense liquids, the spatial correlation and the spatial variation (distribution of relaxation times) of the dynamics, are both a function of the α relaxation time. Moreover, since the relaxation times are a function of TV γ , the dynamic heterogeneity also conforms to the density scaling.
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